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DMSP biosynthesis by an animal and its role in coral
thermal stress response
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Globally, reef-building corals are the most prolific producers of
dimethylsulphoniopropionate (DMSP)1,2, a central molecule in
the marine sulphur cycle and precursor of the climate-active gas
dimethylsulphide3,4. At present, DMSP production by corals is
attributed entirely to their algal endosymbiont, Symbiodinium2.
Combining chemical, genomic andmolecular approaches, we show
that coral juveniles produce DMSP in the absence of algal sym-
bionts. DMSP levels increased up to 54% over time in newly settled
coral juveniles lacking algal endosymbionts, and further increases,
up to 76%, were recorded when juveniles were subjected to thermal
stress. We uncovered coral orthologues of two algal genes recently
identified in DMSP biosynthesis, strongly indicating that corals
possess the enzymatic machinery necessary for DMSP production.
Our results overturn the paradigm that photosynthetic organisms
are the sole biological source of DMSP, and highlight the double
jeopardy represented by worldwide declining coral cover, as the
potential to alleviate thermal stress through coral-produced DMSP
declines correspondingly.
It is widely accepted that the production of dimethylsulphoniopro-
pionate (DMSP), a central molecule in the marine sulphur cycle, is
restricted tomarine algae and a few species of intertidal plants5.Marine
bacteria subsequently useDMSP as a source of sulphur and carbon and
can metabolize this compound into the volatile gas dimethylsulphide
(DMS)6, by which the largest natural flux of sulphur enters the atmo-
sphere where it exerts considerable influence on atmospheric chemistry7.
Despite recent controversy regarding the impact of DMS emissions on
global climate8, DMS is probably involved in local climate regulation
through its oxidation into aerosol particles that induce the formationof
clouds and increase their reflectivity, thereby reducing light levels and
water temperatures in the marine environment3,4.
Concentrations ofDMSP andDMS found in reef-building corals are
among the highest recorded in the environment1,2, but it has been
assumed that DMSP production derives solely from the coral’s endo-
symbiotic microalgae Symbiodinium. Evidence that the total amounts
of DMSP recorded in corals are consistently higher than levels present
in Symbiodinium cells alone9,10 raises the possibility of a cryptic source
of DMSP in reef-building corals. A clear understanding of the sources
ofDMSPon reefs and the possible effects that globalwarmingmayhave
on DMSP production is paramount, given the influence that coral-
reef-derived sulphur emissions may have on local climates11. Corals in
the genus Acropora are the most abundant reef-building organisms
in the Indo-Pacific region12 and, as broadcast spawners, they acquire
Symbiodinium fromtheir surrounding environment after larval develop-
ment. The Symbiodinium-free larvae of this genus provide a unique
opportunity to investigate Symbiodinium-independent production of
DMSP in corals. Results presented here demonstrate that coral hosts
(kingdom: Animalia) are capable of biosynthesizing DMSP in high
concentrations in the absence of symbiotic microalgae, refuting the
current paradigm that photosynthetic organism are the only DMSP
sources in the environment.
DMSP levels were quantified in juveniles lacking photosynthetic
symbionts for two commoncoral species,Acroporamillepora andA. tenuis,
using nuclear magnetic resonance (NMR) spectroscopy13. Juveniles
were raised in thedark in0.2-mm-filtered seawater toensure they remained
algae-free, and the absence of any photosynthetic organisms in these
juveniles was confirmed using five different DNA markers, ranging
from Symbiodinium-specific to universal 23S rRNA plastids primers,
targeting all eukaryotic algae and cyanobacteria.A lackof anydetectable
amplificationwasobserved for allmarkers (ExtendedDataTables 1 and5).
Despite the complete absence of any photosynthetic microalgae, high
concentrations of DMSP, two orders of magnitude greater than con-
centrations reported for benthic algae from the Great Barrier Reef2,
were recorded in all coral juvenile samples (Fig. 1). Repeated sampling
over a 6-day period after larval settlement revealed that the initially
high DMSP concentrations in juveniles increased significantly over
time; specifically, DMSP increased by 44% (that is, 1.1 nmolmm22)
in A. millepora and by 54% (that is, 1.7 nmolmm22) in A. tenuis
(ANOVA, n5 6, P, 0.005; Fig. 1 and Extended Data Table 2). These
results demonstrate unambiguously that the DMSP levels measured
were not inherited from parent colonies but instead were produced by
coral juveniles growing in the absence of photosynthetic symbionts.
Increases in DMSP concentrations over time were even more pro-
nounced when coral juveniles experienced thermal stress (32 uC), with
A. tenuis and A. millepora exhibiting 65% and 76% increases over the
6-day experimental period, respectively (ANOVA, n5 6, P, 0.005;
Fig. 1 and Extended Data Table 2). Conversely, concentrations of the
DMSP breakdown product acrylate decreased in both species, with
thermally stressed juveniles containing 33% (A. millepora) and 61%
(A. tenuis) less acrylate after 6 days than juveniles at ambient temper-
ature (Fig. 1c, d). Similar declines in acrylate in marine algae subjected
to stressful conditions14 have been related to its antioxidant properties;
acrylate and DMS are both extremely efficient scavengers of hydroxyl
radicals and other reactive oxygen species (ROS)14. During thermal
stress, the productionofROSby coralmitochondria (and Symbiodinium,
when present) increases, damaging coral cells15. The observed decrease
in acrylate concentrations in thermally stressed coral juveniles prob-
ably reflects its involvement in ROS detoxification, implicating DMSP
and its breakdown products as functionally important in coral stress
responses.
Further experimental studies involving adult corals, the building
blocks of coral reefs and the most ecologically relevant life history
stage in terms of DMSP production, confirm the importance of this
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compound in coral stress responses and the production of high con-
centrations ofDMSPby the coral host. Colonies ofA.millepora exposed
to 32 uC for 10 days showed an 84% reduction in their Symbiodinium
cell densities (Extended Data Fig. 1a and Fig. 2a–c), thus photosyn-
thetic symbionts were unlikely to contribute significantly to DMSP
production. Furthermore, transmission electron microscopy showed
that 100% of the remaining Symbiodinium cells examined within coral
tissues (n5 272 cells) were structurally compromised (Extended Data
Fig. 2). In particular, thylakoid membranes within chloroplasts were
completelydisruptedandgeneral cell structurewasdisordered (Extended
Data Fig. 2), characteristics typical of advanced necrosis16. Consistent
with these observations of dysfunctional cell structures, pulse ampli-
tude modulation (PAM) fluorometry measurements confirmed signi-
ficant reductions in their photochemical efficiency (ANOVA, n5 12,
P, 0.005; Extended Data Fig. 1b and Extended Data Table 3). In
further support of our conclusion that Symbiodinium were not con-
tributing significantly to DMSP production, previous experiments on
Symbiodinium cultures have shown thatDMSPcontent per cell volume
decreases under thermal stress17.
Despite the severe degradation and depletion of algal symbionts
from coral tissues, thermally stressed corals contained 68% more
DMSP (that is, 9 nmolmm22) and concordantly 36% less acrylate than
control colonies (Fig. 2). These results are in close accordance with
those we found for coral juveniles. Taken together, our results provide
conclusive evidence that the observed increases in DMSP concentra-
tions in thermally stressed corals cannot be attributed to the activity
of Symbiodinium cells. This implies that DMSP production is not
restricted to juvenile life stages, but also occurs at high levels in adult
reef-building corals subjected to thermal stress. In addition to its anti-
oxidant role, DMSP is involved in several key cellular and ecological
processes in reef-building corals, notably as an osmoprotectant during
salinity fluctuations, but also as a signal molecule attracting specific
bacteriawhich formmicrobial communities that are integrally associated
with corals and underpin their health18. The multiple functions of this
moleculemight explain the ecological advantage of producing it directly.
To further support our conclusion that DMSP is produced by the
coral host, we examined potential molecular mechanisms underlying
their DMSP biosynthetic capabilities. In some marine algae, DMSP is
produced from methionine via a pathway that involves the successive
action of four different enzymes19, but until recently, very little was
knownabout genes involved in its biosynthesis. A recent study identified
candidate genes for each of the four steps of the biosynthesis pathway
in the diatom Fragilariopsis cylindrus20. We searched for potential
orthologues of these genes in the comprehensive molecular resources
available for two coral species, theA.millepora transcriptome21 and the
Acropora digitifera genome22, and found that two genes identified in
diatoms have clear orthologues in corals. These genes encode aNADPH-
reductase and an AdoMet-dependant methyltransferase, which medi-
ate the second and third steps of the biosynthesis process, respectively
(Fig. 3a). The orthologous relationship between the corals’ and diatom’s
genes is supported by best reciprocal blast hits and theirmapping to the
sameOrthoMCLclusters23 (ExtendedDataTable 4).Wealso identified
two Symbiodinium sequences (from a comprehensive transcriptome
assembly24) belonging to the sameOrthoMCL clusters as the reductase
andmethyltransferase identified in diatoms and corals (ExtendedData
Table 4). This indicates that the function of these enzymes in DMSP
biosynthesis may be conserved between diatoms, alveolates, green
plants and corals.
Results derived from the A. millepora transcriptome21 enabled us to
estimate the level of expression of these two genes throughout five life
stages, from embryos to adults. We found the gene encoding the
reductase, a reversible step in the DMSP biosynthesis process5, to be
highly expressed throughout all life-history stages (Fig. 3b). The phylo-
genetic distribution of its OrthoMCL cluster revealed 45 orthologues
spread throughout all kingdoms (Extended Data Fig. 3), in line with
the widespread presence of this enzyme among plants that do not
produce DMSP5. In contrast, the methyltransferase mediates a non-
reversible step regulating intracellular DMSP levels25 and is believed to
be specific to this pathway5. The gene encoding the methyltransferase
was highly expressed in early coral life stages, but its expression
decreased after settlement and remained relatively low in adult corals
(Fig. 3c). This expression pattern correlates with the establishment of
symbiosis with DMSP-producing Symbiodinium around the time of
settlement. The OrthoMCL cluster corresponding to the methyltrans-
ferase has an unusually sparse phyletic pattern with only nine ortho-
logues, including seven in photosynthetic organisms and two in other
eukaryotes (ExtendedData Fig. 3), indicating that corals are likely to be
the exception, rather than the rule, in terms of DMSP production by
marine invertebrates harbouring photosynthetic symbionts26.
We show that the unparalleled levels of DMSP present in reef-
building corals are not attributable solely to their endosymbiotic algae;
instead, a significant fraction is produced by the coral animal. DMSP
concentrations measured in coral juveniles devoid of symbiotic algae
represented approximately half of those present in symbiont-bearing
adult corals, indicating that the coral animal contributes extensively to
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Figure 1 | Changes in DMSP and acrylate concentrations (mean6 s.e.) in
coral juveniles lacking photosynthetic symbionts (n5 6; 40 juveniles per
replicate) through a 6-day period after coral settlement. a, b, Patterns are
compared for two thermal regimes: ambient (27 uC, blue) and thermal stress
(32 uC, orange), and for the coral species Acropora millepora (a) and Acropora
tenuis (b). DMSP concentrations increase significantly through time in the
juveniles exposed to ambient temperature (ANOVA simple main effect test,
F2,20 5 6.30, *P, 0.01 for A. millepora and F2,205 7.51, *P, 0.005 for
A. tenuis). Furthermore, DMSP concentrations in coral juveniles exposed to
elevated temperature (32 uC) for 6 days were significantly higher than controls
kept at ambient temperature (27 uC) (simple main effect test, F1,105 27.68,
*P, 0.0005 for A. millepora and F1,10 5 10.44, *P, 0.01 for A. tenuis).
c, d, Conversely, acrylate concentrations decreased significantly in juveniles of
the corals A. millepora (c) and A. tenuis (d) when exposed to elevated
temperature (simple main effect test, F1,10 5 5.58, *P, 0.05 for A. millepora
and F1,10 5 61.68, *P, 0.0005 for A. tenuis). Scale bar, 1mm.
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the DMSP pool produced on coral reefs. Surveys over Australia iden-
tified the Great Barrier Reef as a significant hotspot for the emission of
sulphur aerosol particles27,28. The Great Barrier Reef is the largest
biological structure on the planet and the release of these particles
along its 2,600-km length could constitute a major source of cloud
condensation nuclei. Coral-reef-derived sulphur aerosol emissionmight
therefore have a central role in cloud formation in areas of the world
with high coral densities, such as the Great Barrier Reef and the Coral
Triangle11,29. Considering declining trends in coral cover30 and pre-
dicted increases in coralmortality worldwide caused by anthropogenic
stressors, the associated decline in sulphur aerosol production from
coral reefs may further destabilize local climate regulation and accel-
erate degradation of this globally important and diverse ecosystem.
METHODS SUMMARY
Coral juvenile sampling. Coral larvae were raised for 12 days in 0.5-mm-filtered
seawater (FSW), subsequently washed three times in 0.2-mm FSW and settled in
sterile 6-well plates (8 plates per species, 40 larvae per well; each well filled with
10ml of 0.2-mm FSW). Eight hours after settlement, the plates were separated
between two treatments: 4 plates per species were incubated at 27 uC (control
temperature), and the other 4 plates were ramped to 32 uC over 5 h (thermal stress
treatment). All plates were kept in the dark (to prevent the growth of potential
photosynthetic organisms) and 6 random wells were sampled every 2 days.
DNAextractions andPCRamplification.At each time point, the contents of two
wells were scraped into a 2-ml tube using a scalpel blade, snap frozen with liquid
nitrogen, and used for total DNA extraction. Multiple sets of primers were sub-
sequently used to target the Symbiodinium, coral and other photosynthetic orga-
nisms (Extended Data Tables 1 and 5).
Identification of candidate genes. Orthology between coral, Symbiodinium and
diatom genes was inferred based on best reciprocal BLAST hits. Orthologues
in other species were identified using release 5 (March 2011) of the OrthoMCL
database3. Database forA. digitifera genome: http://marinegenomics.oist.jp/genomes/
download?project_id53 annotation version 1.0. Database for A. millepora tran-
scriptome: NCBI Transcriptome Shotgun Assembly (TSA)21.
Adult thermal stress experiment.Ten coral colonieswere split to give a total of 24
fragments, each comprising approximately 25 branches (nubbins). Fragments
were arranged in eight indoor tanks in a randomized block design. After 2weeks
of acclimatization, the temperature in four tanks was ramped-up slowly to 32 uC,
whereas the other four tanks were maintained at 27 uC. Each temperature treat-
ment contained a total of 12 fragments.
qNMR analysis.Adult and juvenile corals were extracted and analysed in accord-
ance with the qNMR technique described previously13.
Online Content Any additional Methods, ExtendedData display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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Figure 2 | Effects of thermal stress on adult
colonies of the coral Acropora millepora.
Temperature was raised gradually over 7 days to
32 uC,mimicking a realistic thermal stress scenario,
therefore thermal stress commenced on day 0. The
total duration of the experiment was 17 days.
a, Micrograph of representative coral nubbins
showing visual differences in the density of
Symbiodinium cells present in the tissues of
A. millepora maintained under control (27 uC,
brown, right) or thermal stress (32 uC, white, left)
conditions for 10 days. b, c, Higher magnification
micrographs of coral polyps showing visual
differences in tissue colour as intracellular
Symbiodinium densities decline between 27 uC
(b) and 32 uC (c) (scale bars, 1mm). d, Changes in
DMSP concentration (mean6 s.e.) in adult corals
(n5 12) exposed to control (27 uC) and thermal
stress (32 uC) treatments (ANOVA simple main
effect test, F1,22 5 10.79, *P, 0.005).
e, Corresponding changes in acrylate
concentration (mean6 s.e.) in adult corals
(n5 12) exposed to control (27 uC) and thermal
stress (32 uC) treatments (ANOVA simple main
effect test, F1,22 5 8.4, *P, 0.01).
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Figure 3 | Putative DMSP biosynthesis pathway and gene expression of
coral orthologues. a, Pathway of DMSP biosynthesis present inmarine algae19
(the first two steps are reversible). The proposed diatom genes encoding the
second and third steps (in green) have orthologues in Acropora millepora and
Acropora digitifera genomes (see ExtendedData Table 4). b, c, Gene expression
percentiles of the two putative genes involved in DMSP biosynthesis in
A. millepora through five coral life stages, from embryos (pregast., pregastrula;
postgast., postgastrula) to adults, based on transcriptomic data from ref. 21.
LETTER RESEARCH
3 1 O C T O B E R 2 0 1 3 | V O L 5 0 2 | N A T U R E | 6 7 9
Macmillan Publishers Limited. All rights reserved©2013
3. Ayers, G. P. & Gras, J. L. Seasonal relationship between cloud condensation nuclei
and aerosol methanesulphonate in marine air. Nature 353, 834–835 (1991).
4. Vallina, S. M. & Simo, R. Strong relationship between DMS and the solar radiation
dose over the global surface ocean. Science 315, 506–508 (2007).
5. Stefels, J. Physiological aspects of the production and conversion of DMSP in
marine algae and higher plants. J. Sea Res. 43, 183–197 (2000).
6. Todd, J. D. et al. Structural and regulatory genes required to make the gas
dimethylsulfide in bacteria. Science 315, 666–669 (2007).
7. Sievert, S. M., Kiene, R. P. & Schulz-Vogt, H. N. The sulfur cycle. Oceanography 20,
117–123 (2007).
8. Quinn, P. K. & Bates, T. S. The case against climate regulation via oceanic
phytoplankton sulphur emissions. Nature 480, 51–56 (2011).
9. Yost, D. M., Jones, R., Rowe, C. L. & Mitchelmore, C. L. Quantification of total and
particulate dimethylsulfoniopropionate (DMSP) in five Bermudian coral species
across a depth gradient. Coral Reefs 31, 561–570 (2012).
10. Yost, D. M. & Mitchelmore, C. L. Determination of total and particulate
dimethylsulfoniopropionate (DMSP) concentrations in four scleractinian coral
species: a comparison of methods. J. Exp. Mar. Biol. Ecol. 395, 72–79 (2010).
11. Fischer, E. & Jones, G. B. Atmospheric dimethylsulphide production fromcorals in
the Great Barrier Reef and links to solar radiation, climate and coral bleaching.
Biogeochemistry 110, 31–46 (2012).
12. Veron, J.E.N.Coralsof theWorldVol.1–3(Australian InstituteofMarineScience,2000).
13. Tapiolas, D.M., Raina, J. B., Lutz, A., Willis, B. L. &Motti, C. A. Directmeasurement of
dimethysulfoniopropionate (DMSP) in reef-building corals using quantitative
nuclear magnetic resonance (qNMR) spectroscopy. J. Exp. Mar. Biol. Ecol. 443,
85–89 (2013).
14. Sunda, W., Keiber, D. J., Kiene, R. P. & Hunstsman, S. An antioxidant function for
DMSP and DMS in marine algae. Nature 418, 317–320 (2002).
15. Lesser,M.P. inCoralReefs:AnEcosystem inTransition (edsDubinsky,Z.&Stambler,
N.) 405–419 (Springer, 2011).
16. Strychar, K. B., Sammarco, P. W. & Piva, T. J. Apoptotic and necrotic stages of
Symbiodinium (Dinophyceae) cell death activity: bleaching of soft and
scleractinian corals. Phycologia 43, 768–777 (2004).
17. McLenon, A. L. & DiTullio, G. R. Effect of increased temperature on
dimethylsulfoniopropionate (DMSP) concentration and methionine synthase
activity in Symbiodinium microadriaticum. Biogeochemistry 110, 17–29 (2012).
18. Raina, J. B., Dinsdale, E. A., Willis, B. L. & Bourne, D. G. Do the organic sulfur
compounds DMSP and DMS drive coral microbial associations? Trends Microbiol.
18, 101–108 (2010).
19. Gage, D. A. et al.Anew route for synthesis of dimethylsulfoniopropionate inmarine
algae. Nature 387, 891–894 (1997).
20. Lyon, B. R., Lee, P. A., Bennett, J. M., DiTullio, G. R. & Janech, M. G. Proteomic
analysis of a sea-ice diatom: salinity acclimation provides new insight into the
dimethylsulfoniopropionate production pathway. Plant Physiol. 157, 1926–1941
(2011).
21. Moya, A. et al.Whole transcriptome analysis of the coral Acroporamillepora reveals
complex responses toCO2-drivenacidificationduring the initiationof calcification.
Mol. Ecol. 21, 2440–2454 (2012).
22. Shinzato, C. et al. Using the Acropora digitifera genome to understand coral
response to environmental change. Nature 476, 320–323 (2011).
23. Chen, F., Mackey, A. J., Vermunt, J. K. & Roos, D. S. Assessing performance of
orthology detection strategies applied to eukaryotic genomes. PLoS ONE 2, e383
(2007).
24. Bayer, T. et al. Symbiodinium transcriptomes: genome insights into the
dinoflagellate symbionts of reef-building corals. PLoS ONE 7, e35269 (2012).
25. Ito, T., Asano, Y., Tanaka, Y. & Takabe, T. Regulation of biosynthesis of
dimethylsulfoniopropionate and its uptake in sterile mutant of Ulva pertusa
(Chlorophyta). J. Phycol. 47, 517–523 (2011).
26. Van Alstyne, K. L., Dominique, V. J. & Muller-Parker, G. Is
dimethylsulfoniopropionate (DMSP) produced by the symbionts or the host in an
anemone-zooxanthellae symbiosis? Coral Reefs 28, 167–176 (2009).
27. Bigg, E. K. & Turvey, D. E. Sources of atmospheric particles over Australia. Atmos.
Environ. 12, 1643–1655 (1978).
28. Modini, R. L. et al. New particle formation and growth at a remote, sub-tropical
coastal location. Atmos. Chem. Phys. 9, 7607–7621 (2009).
29. Leahy, S. M., Kingsford, M. J. & Steinberg, C. R. Do clouds save the Great Barrier
Reef? Satellite imagery elucidates the cloud-SST relationship at the local scale.
PLoS ONE 8, e70400 (2013).
30. De’ath, G., Fabricius, K. E., Sweatman, H. & Puotinen, M. The 27-year decline of
coral cover on the Great Barrier Reef and its causes. Proc. Natl Acad. Sci. USA 109,
17995–17999 (2012).
Acknowledgements The authors would like to thank D. Yellowlees, R. Stocker,
M. Garren, A. Johnston, W. Dunlap, H. Harrison, P. Warner and E. Botte´ for valuable
comments on the manuscript. We specially thank K. Ritchie for her advice and
encouragement. We also thank J. Hicks, P. Barron (Bruker Biospin), A. Negri, T. Harder,
J. Tebben, M. Logan and J. Pollock for their assistance. This work was supported by the
AMMRFCentre forMicroscopy,CharacterisationandAnalysis (UWA), theARCCentreof
Excellence for Coral Reef Studies and AIMS.
AuthorContributions J.-B.R. andA.L. designed theexperiments. J.-B.R.,C.A.M.,D.A. and
D.M.T. performed the juvenile experiment. J.-B.R., C.A.M., A.L., F.O.S. and D.M.T.
performed the adult experiment. J.-B.R., P.L.C., C.A.M. and D.M.T. analysed the results.
S.F. and J.-B.R. identified the candidate genes. J.-B.R. andB.L.W. wrote themanuscript.
All authors edited the manuscript before submission.
Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests.
Readers are welcome to comment on the online version of the paper. Correspondence
and requests for materials should be addressed to J.-B.R. (j.raina@aims.gov.au).
RESEARCH LETTER
6 8 0 | N A T U R E | V O L 5 0 2 | 3 1 O C T O B E R 2 0 1 3
Macmillan Publishers Limited. All rights reserved©2013
METHODS
Adult corals
Thermal stress experiment. Acropora millepora colonies (n5 10) were collected
from Pelorus Island, Great Barrier Reef, Australia (18u339 S/146u299 E) and trans-
ferred to the Australian Institute of Marine Science. Coral colonies were fragmen-
ted to give a total of 24 fragments, each comprising approximately 25 branches
(nubbins). Fragments were arranged in eight indoor tanks in a randomized block
design, resulting in the allocation of 12 coral fragments to each of the control and
thermal stress temperature treatments (27 uC and 32 uC, respectively). All tanks
were continuously supplied with fresh 1-mm filtered seawater (FSW), which was
maintained at 27 uC (6 0.1uC) via computer control using a flow-through system
at a rate of 1.5 lmin21. Ultraviolet-filtered lights were mounted above each tank
and provided an average underwater light intensity of 350mE over a 12/12 h light/
dark cycle (400Wmetal halide lamps, BLV), typical of light intensities recorded at
the collection site. The fragments were acclimatized for 2weeks before starting the
experiment. Seawater temperatures in four tanks were slowly and continuously
ramped to 32 uC (6 0.05 uC) over a 7-day period, via computer control, while the
remaining four control tanks were maintained at 27 uC for the entire duration of
the experiment.
Coral nubbins were sampled four times during the experiment: before any tem-
perature changes when both treatments were at 27 uC (t5 27); once the 32 uC
target temperature had been reached in the thermal stress treatment (t5 0); after 5
days at 32 uC, when the first physiological effects of temperature stress were visible
(t5 5); and after 10 days at 32 uC when all colonies in the 32 uC treatment were
completely bleached (t5 10). At each timepoint, one coral nubbin (approximately
50mm in length) was collected from each coral fragment (n5 24) and immedi-
ately transferred to a tube containing 2ml of HPLC-grade methanol for quan-
titative nuclear magnetic resonance (qNMR) analysis. Another coral nubbin was
collected from each coral fragment (n5 24) to evaluate Symbiodinium densities.
In addition, one coral nubbin was collected at each time point from four different
coral fragments, transferred directly into fixative (1.25% glutaraldehyde 1 0.5%
paraformaldehyde in 0.2-mm FSW) and stored at 4 uC until processed for struc-
tural investigations by transmission electron microscopy (TEM).
Quantitative NMR analysis. The coral nubbins were extracted in methanol for
2 h with sonication followed by a second extraction with an additional 1ml of
HPLC-grademethanol for 10min. The two extracts were pooled and dried using a
vacuum-centrifuge then re-suspended in a mixture of deuterium oxide (D2O, D
99.8%, 250ml) and deuterated methanol (CD3OD, D 99.8%, 750ml) (Cambridge
Isotope Laboratories). A 700ml aliquot of the particulate-free extract was trans-
ferred into a 5-mmNorell 509-UP-7 NMR tube (Norell Inc.) and analysed imme-
diately by 1H NMR.
1H NMR spectra were recorded on a Bruker Avance 600MHz NMR spectro-
meter with TXI 5-mm probe and quantification performed using the ERETIC
method13. This technique generates an internal electronic reference signal, cali-
bratedusing commercial stock solutions of 4mMacrylate andDMSP.The concen-
trations of DMSP and acrylate were determined by integration of their respective
signals in a 0.10 p.p.m. window13.
Symbiodiniumdensities.Freshlycollectedcoralnubbinswereairbrushed(80 lb in22)
in individual plastic bags in 4ml of 0.2-mm FSW. The slurry was homogenized to
breakdown aggregates and centrifuged at 3,000 r.c.f. (relative centrifugal force).
The supernatantwas removed and thepellet re-suspended in 1mlof 10%formalin.
Homogeneous extracts were placed on a hemocytometer (depth 0.1mm) and
Symbiodinium cells were counted under a light microscope (eight technical repli-
cates were averaged per sample).
Symbiodinium genotype. In hospite Symbiodinium populations of each experi-
mental coral fragment were characterized on the basis of sequence differences in
the nuclear ribosomal DNA internal transcribed spacer 1 region using single-
strand conformation polymorphism (SSCP) analysis31. Total DNA was extracted
using a modified protocol32. Symbiodinium ITS1 region was amplified with fluor-
escently labelled Sym ITS1 PCR primers. Genotype was determined using SSCP
with known reference samples running alongside experimental samples and scored
manually using gel images. All colonies contained only Symbiodinium type C2
(GenBank accession AF380552) SSCP profiles from all samples were single bands
identical to the reference).
Surface-area calculation.Coral skeletons remaining after samples were extracted
for qNMR analyses and Symbiodinium densities were lyophilized overnight and
their surface area determined using a wax dipping technique33. The surface area of
each individual nubbin was used to normalize the qNMR and Symbiodinium data.
Transmission electron microscopy. Fixed coral nubbins were decalcified in a
formic acid:fixative mixture (1:3), with the solution changed every 12h until com-
plete dissolution of the skeleton. Three individual polyps per sample were post-
fixed in osmium and subsequently dehydrated with increasing concentrations of
ethanol followed bydry acetone.Dehydrated sampleswere infiltrated in increasing
concentrations of Araldite resin before being cured for 24 h at 60 uC. Longitudinal
sections 90-nm thick were collected on copper grids and imaged at 120 kV in a
JEOL 2100 TEM.
Pulse amplitudemodulation (PAM) fluorometry measurements. Photosystem
II (PSII) photochemical efficiency was measured with a Diving-PAM (Walz) on three
randomnubbinspercoral fragment.Minimumandmaximumfluorescence (FOandFM)
were recorded daily, 2 h before the start of the light cycle. PS II photochemical
efficiencywas expressed asmaximumquantumyields ((FM 2FO)/FM)5 (FV/FM).
Data analyses. All data were square root transformed and no significant tank
effect was detected for the DMSP, acrylate and PAM fluorometry data (nested
ANOVA, P. 0.05) (Statistica 7, Statsoft). The sample size was chosen based on
results from a pilot study. Repeated measures ANOVA were carried out on the
time series data (data met all assumptions of the test). Simple main effect tests34
were used to compare the results between the two temperature treatments, and
between temperatures at each time point (Extended Data Table 3). This statistical
technique was used to minimize the number of multiple comparisons (focusing
only on comparisons of interest), decreasing the likelihood of type I error.
Coral juveniles
Sample collections. Colonies of A. millepora (n5 10) and A. tenuis (n5 3) were
collected fromOrpheus Island, Great Barrier Reef, Australia (18u349 S/146u309 E)
and transferred to the Australian Institute of Marine Science outdoor aquarium
facility 4 days before the predicted spawning event in November 2011. One hour
before spawning, the colonies were isolated in 70 l tanks with 1-mmFSW.Gametes
were collected from the surface of these tanks and fertilized in separate 70-l tanks
with FSW. After fertilization, embryos were gently rinsed three times by transfer-
ring to new containers and were subsequently transferred to 500-l tanks (contain-
ing 0.5-mmFSW)where they were kept through larval development. After 12 days,
Symbiodinium-free coral larvae were collected using a 1 mmmesh net and washed
three times in 0.2-mm FSW. Larvae were subsequently settled in sterile 6-well
plates (8 plates per species, 40 larvae per well; each well filled with 10ml of
0.2-mm FSW). Eight hours after settlement, the plates were separated between
two temperature regimes: 4 plates per species were incubated at 27 uC (control
temperature), and the other 4 plates were ramped to 32 uC over 5 h (thermal stress
treatment); all plates were maintained in the dark (to prevent the growth of poten-
tial photosynthetic organisms). Settled juveniles were incubated at their respective
temperature treatments and six randomwells were sampled every 2 days. The size
of the sampled juveniles wasmeasured using amotorized stereomicroscope (Leica
MZ16A, Leica Microsystems); sizes did not vary significantly between day 2 and
day 6 with an average size of 0.79mm2 (60.05) for A. millepora juveniles and of
0.82mm2 (60.07) for A. tenuis juveniles.
qNMR analysis. After the required incubation time, seawater was removed from
each well with a pipette, and a sterile cotton bud was used to soak up any residual
seawater, taking care not to disturb the settled juvenile corals. Juveniles in six wells
were extracted by adding 300ml of deuterated methanol (CD3OD) to each well,
followed by 30s of gentle shaking; 200ml of this extract was transferred into a
3-mm Bruker MATCH NMR tube and analysed immediately. In addition, nega-
tive control wells without settled juveniles were extracted following the same
procedure. The concentrations of DMSP and acrylate were normalized initially
to the number of settled coral juveniles in the respective well. They were then
normalized to the averaged surface area of the juveniles (note that juveniles were
approximated to perfect circles).
DNAextractions andPCRamplification.At each time point, the contents of two
wells were scraped into a 2-ml tube using a scalpel blade, snap frozen with liquid
nitrogen, and used for total DNA extraction, according to methods in ref. 35.
Multiple sets of primers were subsequently used to target different taxonomic
groups: Symbiodinium31, coral36 and general primers for the algal 23S rDNA
plastid37 and chloroplast DNA38 (Extended Data Table 1). Furthermore, three
other DNA markers were used to target microbes: Bacteria39, Archaea40 and
Fungi41 (Extended Data Table 1).
The PCR consisted of 1ml ofDNA template (dilution series from1 to 1025 of the
original concentrations), 10ml of buffer containing dNTP and MgCl2 (Bioline),
1.5ml of each primer (10mM), and 0.5ml ofTaq polymerase (Bioline), adjusted to a
final volume of 50ml with sterile MilliQ water. Amplified PCR products were
visualized by electrophoresis on 1% agarose gel stained with ethidium bromide.
Clone libraries construction. PCR products from bacterial 16S ribosomal RNA
gene were purified using a QIAquick gel extraction kit (Qiagen) according to the
manufacturer’s instructions. Purified DNA was ligated into a TOPO-TA cloning
vector (Invitrogen) and competent cells were transformed following the manu-
facturer’s instructions. Four samples, derived from the last experimental time
point (6 days), were analysed (A.millepora at 27 uC;A.millepora at 32 uC;A. tenuis
at 27 uC; and A. tenuis at 32 uC). A total of 48 clones were sequenced per sample
(Macrogen Inc.) andchimaeric sequenceswere removed fromsubsequent analysis.
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The nucleotide sequences obtained have been deposited in GenBank database
under the accession numbers (KF619251 to KF619442).
Identification of candidate genes.Orthologybetween coral anddiatomgeneswas
inferred on the basis of best reciprocal BLAST hits42. Orthologues in other species
were identified using release 5 (March 2011) of theOrthoMCLdatabase23.Database for
A.digitifera genome:http://marinegenomics.oist.jp/genomes/download?project_id53
annotation version 1.0; for A. millepora transcriptome: NCBI Transcriptome
Shotgun Assembly (TSA)21.
Data analyses. Repeated measure ANOVA were performed on the normalized
DMSP and acrylate concentrations (datamet all assumptions of the test, except the
acrylate data from A. tenuis that violated sphericity assumption; in that unique
case,Greenhouse–Geisser correctionwas applied to thedegreesof freedom). Simple
main effect tests34 were then used to compare the results from the temperature
treatment within species (Extended Data Table 2).
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Extended Data Figure 1 | Density and photosynthetic efficiency
(mean6 s.e.) of Symbiodinium cells within adult colonies of the coral
Acropora millepora maintained under control (27 6C) or thermal stress
(32 6C) conditions for 10 days. a, Density of Symbiodinium cells in the same
coral fragments through time. b, Comparison of photosystem II photochemical
efficiency (maximum quantum yields: FV/FM) through time (repeatedmeasure
ANOVA, *P, 0.001; post-hoc simple main effect test, *P, 0.01). See also
Extended Data Table 3.
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Extended Data Figure 2 | Representative transmission electron
micrographs showing the effects of thermal stress on the internal structure
of endosymbiotic Symbiodinium cells associated with the coral Acropora
millepora. a, c, Symbiodinium cells after 10 days at 27 uC, showing intact cell
structures (a) and intact thylakoid membranes of chloroplasts (arrows), the
photosynthetic centre of cells (c). b, d, Symbiodinium cells after 10 days at
32 uC, showing structurally degraded cells (b) with highly disrupted thylakoid
membranes (arrows) (d). Scale bars, 1mm. ch, chloroplast; nu, nucleus.
e, Percentage of structurally damaged Symbiodinium cells within adult tissue
throughout the thermal stress experiment. The numbers above the bars refer to
the total number of Symbiodinium cells observed.
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Extended Data Figure 3 | Phylogenetic distribution of the reductase and
methyltransferase orthologues (OrthoMCL groups OG5_131390 and
OG5_156314, respectively). Note the unusually sparse distribution of
OG5_156314. In red: co-occurrence of these two enzymes occurs
predominantly in DMSP-producing organisms. The only species of bacteria in
the OrthoMCL database where these two enzymes occur simultaneously is the
marine cyanobacterium Synechococcus.
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Extended Data Table 1 | Primer pairs used to target the genomic DNA of various microorganisms possibly responsible for DMSP production
to assess presence in coral juveniles
mtDNA, mitochondrial DNA; cpDNA, chloroplast DNA; ITS, internal transcribed spacer; bp, base pairs.
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Extended Data Table 2 | Sums of squares (SS), mean squares (MS)
and significance levels forANOVAs of theSymbiodinium-free juvenile
experiment
DMSP concentrations (a) and acrylate concentrations (b) are shown. Red lines show significant
differences (P,0.05).
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Extended Data Table 3 | Sums of square (SS), mean squares (MS) and significance levels for ANOVAs of the thermal stress experiment on
adult Acropora millepora corals
DMSP concentrations (a), acrylate concentrations (b) and PAM data (c) are shown. Red lines show significant differences (P,0.05).
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Extended Data Table 4 | Description of the reductase and methyltransferase sequences in diatoms, corals and Symbiodinium
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Extended Data Table 5 | Composition of coral juvenile bacterial communities present in the two different coral species at the two temper-
ature regimes after 6 days
Data are presented at the genus level in per cent; 48 clones per sample. Bacteria previously implicated in the degradation of DMSP and DMS are shown in green and orange, respectively. Note the proportion of
bacteria involved in DMS(P) degradation, representing 79.7% of the bacteria sequenced. References 43–52 are cited in this table.
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